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Abstract 
Cracking by thermal fatigue is one of the major problems encountered during the operation of numerous parts such as exhaust manifolds or 
brake discs. One way to improve their lifespan is to develop new materials solutions. Estimating thermo-mechanical fatigue resistance of new 
materials can be performed with a specific test machine developed by CTIF, associating a multi-position wheel, an induction heating and a 
cooling by air blowing. Test consists in measuring the number of thermal cycles corresponding to the first crack appearance and to the 
complete failure of a specific versatile sample.  
Two examples of studies performed with this machine are shown hereafter. 
First tests were performed to compare the thermo-mechanical fatigue resistance of different grades of ferritic spheroidal graphite cast iron. 
These materials are an interesting alternative to alloyed steels or nickel-alloyed cast irons, for the constitution of exhaust manifolds and turbine 
housings working in the upper-middle temperatures (up to 950°C). The compared materials are SG irons alloyed with silicon (with or without 
molybdenum), and aluminium. 
Truck brakes dissipate several megajoules of energy every few seconds, which leads to high thermal stresses in the rubbing discs. Therefore, 
truck brake discs are mainly damaged by thermal fatigue cracking. One improvement way is to evolve disc material with the aim of increasing 
their thermal fatigue resistance while keeping the braking performance. For the thermal fatigue tests being as close as possible to real brake 
conditions, a specific geometry of sample and inductor was developed, to reproduce the thermal gradients observed during tests on real brake 
discs. The test parameters were then chosen after a coupled numerical-experimental study on full-scale braking. Behaviour of different 
materials under cycling loading (microstructural changes and cracking) is compared with regard to the results obtained during braking tests.  
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General features about Thermocracks® machine 
Cracking by thermal fatigue is one of the major problems encountered during the operation of numerous parts such as exhaust 
manifolds or brake discs. One way to improve their lifespan is to develop new materials solutions. Estimating thermo-mechanical 
fatigue resistance of new materials can be performed with a specific testing machine developed by CTIF [1], associating a multi-
position wheel, an induction heating and a cooling by air blowing. Test consists in measuring the number of thermal cycles 
corresponding to the first crack appearance and to the complete failure of a specific versatile sample.  
 
The testing machine (figure 1) consists with a wheel holding on its periphery, eight samples regularly arranged. The wheel is 
motor-trained in rotation by 45° steps, so each rotation step moves the samples from one position (“workstation”) to the next. 
Each stop is lasting 10 s, and the total duration of a cycle (a given sample coming at the same workstation) is 150 s, total duration 
of eight fixed stations and the duration of the rotation steps themselves. 
The wheel principle authorizes the solicitation in the same set of testing conditions (without need for manual intervention on the 
machine) of relatively large number of samples. 
The main workstation is an induction heating. The power of the inductor is adjustable, the nominal capacity is 12 kW and the 
maximum is 18 kW. 
The following workstation is an air cooler, with the cooling rate adjusted by the air pressure. The six remaining posts allow the 
specimen going on cooling by convection. Heat is evacuated from the enclosure thanks to ventilation. Front door of the machine, 
made with a honeycomb grille, contributes to evacuation of the heat as well and lets the samples visible from the outside.  
All the movements are controlled by adjustable timers. For instance, the duration of the stop can be adjusted so as to reach a 
given temperature (for a given heating power). Temperatures of the test piece are measured continuously, during the heating and 
cooling phases.  
The samples are the second important feature of the test. The machine authorizes a very wide field for designing the samples. 
Two examples are given hereafter: a sample designed so as to quickly discriminating materials, regarding to their thermal fatigue 
resistance properties,   or on the contrary, a sample designed to reproduce precise solicitation conditions, in the present case, 
encountered by brake discs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  1: a) General view                                                                                            b) Detailed view of the induction heating 
 
First part: Thermal resistance of SG Ferritic irons 
 
1. Experimental conditions 
 
1.1. Studied materials 
 
The studied materials are: 
• the three new grades integrated within the perimeter of EN 1563:2012 : EN-GJS-450-18, EN-GJS-500-14 and EN-GJS-600-
10 grades. These grades are called 'enhanced ferritic matrix' or 'solid solution strengthened' by the addition of silicon, 
• a SG iron alloyed with silicon and molybdenum (SiMo SG iron, grade EN-GJS-SiMo 40-10 of the EN 16124 standard). This 
iron is of common use in the case of moderately solicited exhaust manifolds, 
• a grade of so-called iron 'Alpha 1000', developed by CTIF, highly alloyed with silicon, aluminium and molybdenum, for high 
temperature applications, 
• an experimental iron alloyed with aluminium but with low silicon content, specifically developed to compensate for the 
problems of sensitivity to thermal shock met with the iron 'Alpha 1000', 
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•  and finally, a flake graphite cast iron specifically adapted for truck brake discs, strongly solicited in thermal fatigue. This 
iron is close to the EN 1561 standard grade EN-GJL-200, with however a carbon content increased and a significant addition 
of chromium and copper.  
At the same time, a ductile (grade EN-GJSA-XNiSiCr35-5-2) and a stainless steel X 12 CrNi 25-20, both of austenitic structure, 
were also tested.  The compositions of materials are given in the table 1. 
 
These materials have been made at the experimental foundry of CTIF. 
 
              Table 1 – Composition of tested materials 
 
Material Si Al Ni Cu Cr Mo 
Grey iron  1.8 - - 0.4 0.2 - 
EN-GJS 450-18 3.3 - - - - - 
EN-GJS 500-14 3.9 - - - - - 
EN-GJS 600-10 4.4 - - - - - 
SiMo SG Iron 4.1 - - - - 0.9 
‘Alpha 1000’ SG Iron 5.0 2.0 - - - 0.9 
4% Al SG Iron 1.0 4.0 - - - 0.4 
35% Ni SG Iron 4.7 - 35.8 - 2.0 - 
Steel 1.7 - 20.3 - 25.1 - 
 
 
1.2. Design of the sample  
 
The sample had to ensure high thermal gradients and intrinsic clamping of the heated zone, (in order to induce high thermal 
stresses).  
The proposed geometry is shown in the figure 2. The heating zone (40u15u5 mm) is linked to the massive base with two 
branches which remain at low temperature and so, ensure its clamping. The low radius in the internal angles between each 
branches and the heated area concentrates the stresses generated by its rapid cooling.   
The samples are machined from specifically designed cast bars.    
 
Thanks to the geometry of the sample and the stress concentration, times for first crack apparition are relatively short (in the 
order of hundreds of heating-cooling cycles, either approximately two hours of test). As samples remain permanently visible, 
appearance of the first crack and progression until total failure can be followed and compared. 
 
 
   
                                                                    Figure  2: Sample for thermal fatigue test 
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2. Performed tests 
 
2.1. Obtained results 
 
Maximum temperatures are approximately 800 °C,  in agreement with the working temperatures of the concerned parts. Small 
differences (on the order of 10 °C) are found between the different materials; they are put in relation with differences in electrical 
or thermal properties, which modify the response to induction heating.  
The tests were conducted on several test pieces for the same material, which had similar behaviour (e.g. appearances by the first 
crack, differing only to ten cycles). 
The results are given in the table 2. 
It appears immediately that the materials show very different behaviour during the test. Repeatability is ensured through the 
number of specimens tested, we can therefore say that the test is actually discriminating. 
 
                   Table 2 – Obtained results 
 
Material 1st crack 
(nb of cycles) 
End of test 
(nb of cycles) 
Grey iron 80 300, complete failure 
EN-GJS 450-18 250 8 mm crack after 800 cycles then 
no growth 
EN-GJS 500-14 250 2 mm crack, no growth 
EN-GJS 600-10 800 Small cracks, no growth 
SiMo SG Iron 120 300, complete failure 
‘Alpha 1000’ SG Iron 30 30, complete failure 
4% Al SG Iron 300 1000, extrapolated value to 
complete failure 
35% Ni SG Iron >2000 - 
Steel >2000 - 
 
 
2.2. Characterization 
Test specimens were subjected to a macroscopic examination, supplemented when required - in the case of the newly 
standardized or innovative grades -, with a metallographic examination. 
 
2.2.1. Flake graphite cast iron 
The first crack is detected visually after 80 cycles, and it spreads rapidly while branching, until crossing all of the active area (the 
latter having a width of 15 mm) after 300 cycles. 
 
2.2.2. Solid solution strengthened ferritic SG cast iron 
2.2.2.1. Macroscopic examination 
The three grades show behaviour significantly evolving according to their silicon content. Thus, for the two less alloyed grades, 
the first crack is detected visually after 250 cycles. However, this crack is really progressing only in the case of the lowest silicon 
content – 3,3%- in which case it reached nearly 8 mm after 800 cycles (figure 3a). The crack remains of limited length in the case 
of 3,8% silicon content (figure 3b). Other cracks appear later, their total lengths remaining still weak. 
 
In the case of the grade with the highest content of silicon, several cracks appear much later, after about 800 cycles and 
practically do not evolve.  
Note in all cases, the presence of an important network of crazing, evenly covering the surface of the active area of the 
specimens. This crazing revealed the presence of a surface oxide film. When they are present, the cracks seem to progress in 
coherence with this crazing. Furthermore, specimens show a significant creep deformation under effect of their own mass, at the 
level of the heating workstation. This plastic flow led to the complete disappearance and even the inversion of the radii of 
connection of the active zone (figure 3b). 
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Figure  3 a : Detail of the crack of the EN-GJS 450-18 sample 
 (%Si : 3.3%) after 790 cycles - note the network of crazing 
 
Figure  3 b : Detail of the EN-GJS 500-14 sample (%Si : 3.9%) after 
600 cycles – note the inversion of the radius due to creep deformation 
 
 
2.2.2.2. Metallographic examination 
Examination show that the cracks propagate along the alignments of graphite spheroids (figure 4a). It confirms the important 
oxidation. The exterior surfaces of the specimens and the lips of the cracks are covered with a several tens of microns thick oxide 
layer. Small cracks completely filled with oxide can be seen on the inner edge of the active zone (figure 4b). 
 
 
 
       Figure  4a: Microscopic view of a crack in the EN-GJS 450-18 sample (%Si : 3.3%), following the graphite particles 
 
 
Figure  4b : Cracks of the EN-GJS 500-14 sample (%Si : 3.9%) 
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2.2.3.     SG iron « SiMo » 
2.2.3.1.  Macroscopic examination 
The first crack is detected visually after 120 cycles. The crack then progresses rapidly and reaches almost 100% of the width of 
the active zone after 300 cycles. 
  
2.2.3.2.  Metallographic examination 
Examination shows oxidation, less important than in the case of the previous irons - probably due to the lower number of cycles 
before failure and therefore time of shorter exposure at high temperature. The cracks themselves propagate mainly along 
solidification end zones, marked by the colonies of residual perlite and molybdenum carbides (figure 5). 
 
 
                 Figure 5: Microscopic view of a crack of the SiMo SG iron, following the end of solidification zones 
 
 
2.2.4. SG iron « Alpha 1000 »  
Poor properties in thermal fatigue of the material are confirmed, because a brutal rupture of the test piece occurred after 20 to 30 
cycles (figure 6). 
 
    
Figure  6: General view of the Alpha 1000 sample, broken after 30 cycles 
 
2.2.5. SG iron alloyed with 4% aluminium 
2.2.5.1.  Macroscopic examination 
The active areas show rapidly a homogeneous dark grey hue. There was no deformation of the specimen, even after 800 cycles. 
The first crack is detected visually after 300 cycles. The crack propagation speed is then regular, its length up to 3 mm after 400 
cycles, after 600 cycles 8 mm and 10 mm after 800 cycles (figure 7). 
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 a)                                                                                                                     b) 
   Figure 7: General view of the sample of 4% Al iron, after 400 cycles (a) and 800 cycles (b) 
 
2.2.5.2. Metallographic examination 
Cracks propagate following graphite spheroids alignments in a matrix become ferritic (in the as-cast state, iron alloyed with 4% 
aluminium presents a matrix structure with mixed ferrite-pearlite) (figure 8).  
 
  
a)                                                                                                              b) 
Figure 8: Microscopic view of a crack in 4% Al iron sample, after 400 cycles (a) and 800 cycles (b) 
 
 
The oxidation is very low, despite the relatively long exposure time at high temperatures, as in the case of the 800 cycles sample. 
 
 
2.2.6. SG iron alloyed with 35% Ni, austenitic steel 
The samples show no signs of damage even after 2000 cycles. Obviously these two materials were solicited widely within their 
limits, in particular regarding the maximum temperature. 
 
 
3.  Comments 
 
3.1 Comments about test 
 
The test has therefore demonstrated its ability to quickly differentiate materials according to their intrinsic thermal fatigue 
resistance. In addition, the behaviour observed in this test is representative of the one observed on the actual parts. A first 
example is given in the case of the grey lamellar cast iron: the branched and irregular crack appearing on the test piece is similar 
to the one of the cracks observed on trucks brake discs [2] (figure 9). 
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Figure 9: Cracks on a real truck brake disc (left) and the grey iron sample (right) 
 
A second example is given in the case of cast iron 'Alpha 1000'. During bench testing, actual parts broke off in a brutal way, after 
a small number of cycles, and whereas they were almost come back at room temperature. This 'fragile' behaviour is perfectly 
reproduced by samples during the test: the rupture occurs at the end of the cooling, after a few tens of cycles only. Such failures 
had been attributed to the low ductility of the material at ambient temperature (less than 1% elongation at breakage level) under 
the effect of the stresses generated by thermal gradients during rapid cooling. 
 
 
3.2 Materials comparison 
 
3.2.1. Silicon alloyed SG irons 
These irons include irons newly normalized, so-called “solid solution hardened ferritic matrix” and SiMo irons. Ferritic irons 
with hardened matrix have a good resistance to cracking. The explanation lies in the high ductility of these irons (the elongations 
to rupture are greater than 10%) and the protective effect of silicon against oxidation. The improvement of this outfit as the 
silicon content increases, shows that silicon effect upon oxidation resistance is stronger than its negative effect upon ductility. 
However this high ductility appears to be disadvantageous, because plastic deformation occurs at a low and steady speed under 
the effect of gravity.  This creep deformation is not found in the case of SiMo iron, a well-known result of the addition of 
molybdenum. However, its lifespan is of the same order as the one of lamellar grey cast iron. Metallographic examination shows 
that the crack propagates by following solidification end zones, where molybdenum carbides formed by segregation. If they 
improve creep resistance by blocking the relative sliding of the cells boundaries, they do not have a positive role on the thermal 
fatigue resistance. These results may seem surprising: the good resistance to thermal fatigue of SG SiMo cast iron is well-
established by the enrolments of these nuances, for the achievement of intermediate range exhaust manifolds and previous 
laboratory studies (in particular [3]). However, the conditions of the present test are very stringent. As a result, the effect of 
oxidation due to staying at high temperature is reduced : with longer exposure times, the better oxidation resistance of the SiMo 
SG iron would give it back, the superiority in terms of lifetime upon the flake graphite cast iron. The good performance level of 
the flake graphite iron tested here can also be explained by the fact that it is specially designed for a thermal fatigue solicitation.  
 
 
3.2.2. Aluminium alloyed SG irons 
Development of a cast iron alloyed with 4% aluminium and 1% silicon had intended to obtain an iron as refractory as the 'Alpha 
1000' iron, but with better ductility and by implication, a lower sensitivity to thermal shock (brittle fracture after return to room 
temperature, as explained in § 3.1.). However, this cast iron presents in the as-cast state, a matrix structure with mixed ferrite-
pearlite, which is not in favour of the thermal fatigue resistance. In addition, the increase in the temperature of the ferrite to 
austenite transformation is lower for aluminium than for silicon, with identical content. 
However, the results of the conducted tests confirm the improvement. The tests show the high sensitivity to thermal shock of 
'Alpha 1000' iron. Instead, iron alloyed with 4% aluminium presents the best performances of thermal fatigue of all the tested 
irons. The first crack appears after 300 cycles heating-cooling and it progresses at a low and steady speed, the test piece being 2/3 
of its breakage after 800 cycles. Examinations show that the cracks propagate following the graphite spheroids alignments in a 
matrix become fully ferritic.  The tests show that the negative effect of aluminium on matrix structure and its stability, is 
counteracted by the improvement of oxidation resistance. The simultaneous presence of silicon and aluminium induces the 
formation of a superficial aluminium silicate film, more protective than the usual iron silicate film.   
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4. Conclusion 
 
It appears that tested materials exhibit very different behaviour during the test. Repeatability is ensured through the number of 
specimens tested. A first important result relates to the test itself, which has therefore demonstrated its ability to quickly 
differentiate various materials from their intrinsic properties of thermal fatigue resistance. In addition, the behaviour observed 
during the test is representative of the one observed on the actual parts. 
 
With regard to the materials themselves, the iron alloyed with 4% aluminium has very good thermal fatigue resistance, the best 
of any here tested irons. Its performances are particularly superior to that of a 'SiMo 'cast iron. Furthermore, this iron fixes the 
issue of ductility caused by 'Alpha 1000' iron. The resistance to oxidation is also improved, aluminium making it more refractory. 
 
 
 
Second part : Thermal resistance of flake graphite cast irons 
 
1. Context : State of the art on thermomechanical loading induced by braking 
 
Lifespan of truck brake disc is limited by premature failure due to macroscopic cracks [4, 5]. Some different material solutions 
have already been proposed in order to increase it, such as alloying the cast irons with elements such as molybdenum, titanium, 
vanadium, niobium or nickel. Alloying elements improve thermal fatigue strength or wear resistance [6] but the effect is limited 
with respect to the cost. As cracks appearance is linked to the notch effect of graphite flakes, modification of their morphology 
could provide good results. Vermicular cast iron has been shown to be a good solution in terms of thermal shock resistance and 
strength resistance but producing such a microstructure in a regular way still presents difficulties [7]. 
Two special cast irons are promising new solutions for braking applications as increasing the lifespan of discs, with low 
economic impact and relatively simple foundry process.  
Firstly, it has been shown that alloying a cast iron with nitrogen improves its tensile strength and properties at high temperatures, 
because of the modified form and repartition of the graphite flakes [8,9].     
Secondly, cast iron with a microstructural gradient (small graphite particles near the surface and coarse graphite flakes in the 
depth) has proved having good performances in the field of glass moulding. 
A study was carried out in the aim of developing these new material solutions at the Laboratoire de Mécanique de Lille (LML) of 
the Ecole Centrale de Lille, with technical support of the Centre Technique des Industries de la Fonderie (CTIF). 
The study was carried out on three grey cast irons: a commercial grey cast iron used as the reference material and the two special 
cast irons presented before.  
The three cast irons were produced in the CTIF foundry with equivalent chemical compositions.  
The materials were first tested on a braking tribometer to check their ability to assure a braking. The satisfactory results have 
already been published elsewhere [10].  Then, after designing samples so as to reproduce as far as possible, the observed 
conditions in the previous braking study [10], the “Thermocracks®” thermal fatigue testing machine of CTIF has been used to 
evaluate the improvement of the thermal cracking resistance. The obtained results are presented hereafter. 
 
 
2. Experimental conditions 
 
2.1. Studied materials 
 
The studied materials were the three grey cast irons previously specified: a reference grey cast iron, a nitrogen-enriched iron and 
a cast iron with a microstructural gradient.  
The reference material is similar to the one used for commercial disc truck: a grey cast iron with 500μm long graphite flakes 
homogeneously distributed in a pearlitic matrix (figure 10a and b). 
The nitrogen-enriched lamellar cast iron presents curved and 200μm long graphite flakes regularly distributed in a lamellar 
pearlitic matrix (figure 10c and d). The cast iron with a microstructural gradient shows near the surface, a pearlitic matrix 
structure, with primary dendrites and interdendritic graphite particles and in the bulk, graphite flakes in a homogeneous perlitic 
matrix. On the surface, the length of the interdendritic graphite is less than 100μm. In the bulk, the graphite flakes are 300μm 
long (figure 10e to h). 
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Figure 10 :  Graphite distribution and microstructure of (a-b) Reference cast iron, (c-d) Nitrogen-enriched cast iron and (e,f-g,h) Cast iron with microstructural 
gradient 
 
2.2. Definition of the solicitation condition 
 
A preliminary work has first been performed by a coupled numerical-experimental approach to identify critical thermo 
mechanical loadings of truck brake discs. A complete truck brake system with vented disc and semi-metallic pads has been 
mounted on a full scale bench. The experiments showed the maximal temperatures to be 360°C for the temperature at 2 mm from 
the surface and gradients 260°C between 2 mm from the surface and the middle of a venting pillar. Four hot bands on the friction 
surface lead to surface thermal gradients up to 225°C.  
Then, a thermo-mechanical modelling has then been developed using ANSYS software. In a first step, a thermal computation has 
been performed by taking into account a flux repartition based on the hot bands experimentally observed and by checking 
numerical bulk temperature value to the one obtained during tests. In a second step, a mechanical calculation has been run for 
each nodal temperature at a given time. The results show that residual circumferential tensile stresses appeared after cooling 
down to room temperature, which is coherent with the radial microcracks observed during investigations on the disc after test. 
Microstructural changes noticed by metallographic examination at the disc surface show that the surface temperature was above 
the eutectoid transformation of the iron, i.e. about 700°C. 
 
Braking experiments were then conducted on the specially designed pad/disc tribometer of the LML, on three reduced-scale 
discs, each in one of the three studied grey cast irons (the mean discs radius was equal to 10 cm). The mechanical and thermal 
characteristics of the reduced-scale braking tests were made as close as possible to those observed under full-scale conditions. 
The thermal and tribological behaviour of the pad/disc couple was monitored through bulk temperature measurements and 
infrared monitoring of the disc surface. 
The braking experiments were carried out as a series of stop-braking tests with increasing dissipated power and energy followed 
by a series of slowdowns to achieve heat accumulation effects.  
Friction behaviour, braking performance and variations in thermal loading were analysed in relation to the level of energy 
dissipation. The three studied materials showed equivalent braking performance and stored similar amounts of heat.  
Braking tests led to the occurrence of thermal localization which is a well-known damaging phenomenon in braking. The 
appearance of hot bands and hot spots and their migration along the disc radius during braking was investigated and monitored 
using the infrared camera.  
Within hot bands, "hot-spot" circumferential localizations can be observed.  
In previous work [10] it has been shown that friction and wear mechanisms highly interact with thermal localizations. Hot band 
corresponds of the location in the apparent contact area where energy dissipation occurs, then where the pad-disc friction and 
contact are mainly concentrated. The hot spots are related to the imperfection of the disc flatness resulting of the disc machining 
process. 
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Metallographic examination shows that damage is clearly dependant on the cast iron microstructure. Due to friction, the matrix 
presents damages localized at the graphite flakes. Coarse lamellar graphite leads to more plastic deformation because of matrix 
extrusion along the graphite flake. Small graphite particles reduce matrix extrusion. So, less damage is observed in the case of 
the two advanced cast irons. Damage is strongly dependant of thermal localizations, more damage is so observed at the level of 
the hot spots. Again, microstructural changes show that the surface temperature was above 700°C. 
 
2.3. Design of samples 
 
Thermocracks® machine allows investigating the damaging effect by thermal fatigue, due to the presence of the hot spots. 
Indeed, a hot spot can be simulated by a local induction heating. Samples for testing in thermal fatigue were extracted from the 
brake discs, with a shape of an 60° angular sector of the disc large enough to impact only the centre of the sample (figure 11 ). 
 
 
                                         Figure 11:  “ThermoCracks” the thermal fatigue testing machine (zoom on the sample) 
 
A thermomechanical modelling of a half sample has then been developed using ANSYS software. After several trials, the 
parameters of a representative thermal solicitation are: 6°for the arc of the heated area, 1,1kW for the power of the inductor, 10s 
for the application flux duration, 150s for the complete cycle and 15W.m-2.K-1 for the convection factor. The calculated 
maximal temperature reached after 10s of flux application is 770°C which is in agreement with the metallographic observations. 
Figure 12 a  and  b present the circumferential stresses respectively after 10s of heating and after the cooling at the end of the 
150s cycle. In the first case, the stresses are in compression with -303MPa and in the second case, they are in tensile with 
40MPa. Chosen operating parameters are then considered valid. 
 
 
     Figure 12: Circumferential stresses in the thermomechanical modelling of a half sample  a) after 10s of heating,  
                       b) after cooling in the 150S  cycle 
 
3. Performed tests 
3.1. Preliminary test 
A preliminary test is performed to check the temperature reached in the sample. The sample is equipped with K-type 
thermocouples. The found temperatures were below the expected temperature of 700°C on the surface, probably because of an 
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imperfect coupling between inductor and sample. The inductor power is so increased to 3,5kW. We can see (figure 13) the 
evolution for 20 cycles of heating-cooling of the mass temperature measured at 2mm from the surface on an external radius of 
the sample. After 8 cycles, the thermal cycling is stabilized with a maximal temperature of 650°C and a temperature after cooling 
of 200°C. The maximal temperature is in good agreement with the one obtained during the preliminary study on a full-scale 
braking test [10].  
 
      
                                       Figure 13:  Mass temperature measured at 2 mm during the 20 cycles during a preliminary thermal fatigue test 
 
3.2. Performed tests - obtained results 
 
The as-defined tests have been performed for 70 cycles.  
Macroscopic examination of the samples (figure 14) shows that the shape of the heated zone is well in agreement with the 
expected one. Cracks are visible on the surface of the three samples, especially on the tangential contact zone of the heated zone 
and the radii of the discs, where the cooling rate is the highest. 
Cross-section in the tangential plane allowed observation of the cracks in the depth. The metallographic examination results are 
presented in figure 15. The cracks observed for the reference and the nitrogen-enriched cast iron (figure 15 a and b) propagate 
from graphite flake to graphite flake as usually found in lamellar cast iron. The cracks are approximately 2mm length. In can also 
be noticed that oxidation is developed at the interface between the matrix and the graphite flake from the surface to the depth. 
The crack obtained for the cast iron with microstructural gradient (figure 15c) is shorter with an approximate length of 0.6mm. 
It’s propagated in a graphitic area and presents an important oxidation. The separation of the graphitic area by the presence of 
primary dendrites of austenite seems to limit the propagation of cracks because of non-continuous graphite network from the 
surface to the deep.  
 
 
a)  
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b)  
 
c)  
 
                     Figure 14 : Macroscopic view of the samples after test – in red : the heat affected zone, in blue, the total heated zone 
a : Reference cast iron, 
b : Nitrogen enriched cast iron, 
c: Cast iron with microstructure gradient 
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                 Figure 15 :  Micrograph observation of cracks in cross-section of the disc  
         (a) Reference cast iron , (b) Nitrogen-enriched iron, (c) iron with microstructure gradient 
 
4. Conclusion 
The cast irons with modification of graphite morphology are proposed to extend truck brake disc lifespan with comparison with a 
commercial grey cast iron. To check the interest of these evolved materials they are submitted, with the reference cast iron, to 
braking tests and to thermal fatigue tests. 
The modification of the graphite morphology performed in this study by the reduction of the graphite size has no significant 
effect on the friction behaviour.  
Under thermal fatigue testing, the graphite flakes are the location of cracks propagation. The reference iron and the nitrogen 
alloyed iron show the same behaviour, as the microstructure remains nearly identical. In the cast iron with a microstructural 
gradient, the significant reduction of the graphite flakes length limits the cracks propagation. Moreover, the cracks are stopped by 
the primary dendrites of austenite. 
 
Estimating thermo-mechanical fatigue resistance of new materials can be performed with a specific test machine, 
Thermocracks®,  developed by CTIF, associating a multi-position wheel, an induction heating and a cooling by air blowing. 
The test has demonstrated its ability to quickly differentiate various materials from their intrinsic properties of thermal fatigue 
resistance. In addition, the behaviour observed during the test is representative of the one observed on the actual parts. 
Repeatability is ensured through the number of specimens tested in the same set of conditions. Machine offers a great versatility 
and testing procedure can be modified and adapted to any specific case. Demonstration has been done in determining the better 
resistance of a cast iron alloyed with aluminium over several others materials, for application as exhaust manifolds or 
turbochargers, and of a cast iron with a microstructural gradient for application in track brake discs. 
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